Acarbose is a pseudo-tetrasaccharide and one of the most effective inhibitors of glycoside hydrolases. Its derivatives, acarviosyl-maltooligosaccharides, which have longer maltooligosaccharide parts than the maltose unit of acarbose, were synthesized using a disproportionating enzyme partially purified from adzuki cotyledons. The enzyme was identified as a typical type-1 disproportionating enzyme (DPE1) by primary structure analysis. It produced six compounds from 100 mM acarbose and 7.5% (w/v) of maltotetraose-rich syrup. The masses of the six products were confirmed to accord with acarviosyl-maltooligosaccharides with the degrees of polymerization = 5-10 (AC5-AC10) by electrospray ionization mass spectrometry.
Acarbose is one of the most effective inhibitors of many kinds of -glucoside-active enzymes, including -amylase, glucoamylase, and -glucosidase. 1) Its structure is divided into two units, the acarviosyl unit and the maltose unit (Fig. 1, i = 1 ). The acarviosyl unit has high affinity for the active sites (subsites À1 and þ1) of the target enzymes by mimicking the oxocarbenium ion-like transition state.
2) The maltose unit enhances the inhibitory activity of acarbose by occupying further substrate binding sites (subsites þ2 and þ3) of the target enzymes. Acarbose is used as an uncleavable pseudotetrasaccharide to investigate the molecular mechanisms of substrate recognition in -glucoside-active enzymes, [3] [4] [5] and as an antidiabetic drug. It has been reported that a few derivatives can be produced from acarbose by acarbose-modifying enzymes. Acarviosyl transferase, found in an acarboseproducing bacterium, Actinoplanes sp. strain SE50, transfers the acarviosyl unit from acarbose to various acceptors, including maltooligosaccharides, xylobiose, and laminaribiose. 6) Maltogenic amylase from Bacillus stearothermophilus acts on acarbose and produces acarviosyl-glucose by hydrolysis and acarviosyl-isomaltose by transglycosylation of the acarviosyl-glucose unit to glucose. 7) Cyclomaltodextrin glucanotransferase from B. macerans and dextransucrases from Leuconostoc mesenteroides use acarbose as acceptor and attach the maltohexaose of cyclomaltohexaose and the glucose of sucrose respectively to the reducing-or nonreducing-end of acarbose. 8, 9) These acarbose derivatives also function as effective inhibitors making it possible to gain insight into substrate recognition of -glucoside-active enzymes. 10) In the present study, we attempted enzymatically to synthesize acarviosyl-maltooligosaccharides (ACn, where n represents the degree of polymerization (DP); Fig. 1 , i ! 2), which have longer maltooligosaccharide (Gn, where n represents DP) parts than the maltose unit of acarbose. We used disproportionating enzyme 1 (DPE1, EC 2.4.1.25) to produce ACn. The enzyme, a member of glycoside hydrolase (GH) family 77, 11) uses -1,4-glucans longer than G2 as donor substrates, and catalyzes disproportionation by transferring G2 moiety predominantly to other acceptor -1,4-glucans. The transferring unit, exceptionally, is G3 when the donor substrate is G4. [12] [13] [14] We found a typical DPE1 in cotyledons of germinating adzuki beans, and the enzyme produced six compounds from acarbose and maltooligosaccharides. These six compounds were analyzed by electrospray ionization mass spectrometry (ESI-MS) and nuclear magnetic resonance (NMR).
Materials and Methods
Purification of DPE1. Adzuki beans (Vigna angularis L.) were germinated hydroponically at 30 C for 9 d, and their cotyledons (700 g) were homogenized in 3 L of 50 mM HEPES-NaOH (pH 7.5). Crude extract was obtained from the solution by filtration with a nylon cloth, followed by centrifugation (22;000 Â g, 30 min, 4 C). Ammonium sulfate was added to it at 50% saturation, and the solution was y To whom correspondence should be addressed. Haruhide MORI, Tel: +81-11-706-2816; Fax: +81-11-706-2808; E-mail: haru@abs.agr.hokudai.ac.jp; Atsuo KIMURA, Tel/Fax: +81-11-706-2808; E-mail: kimura@abs.agr.hokudai.ac.jp Abbreviations: AC5-AC10, acarviosyl-maltooligosaccharides with DP = 5-10 respectively; BSA, bovine serum albumin; DP, degree of polymerization; DPE1, disproportionating enzyme 1; ESI-MS, electrospray ionization mass spectrometry; GH, glycoside hydrolase; G2-G8, maltooligosaccharides with DP = 2-8 respectively; HMBC, heteronuclear multiple bond correlation; HPAEC-PAD, high-performance anion exchange chromatography with pulsed amperometric detection; HPLC, high-performance liquid chromatography; HSQC, heteronuclear single quantum coherence; HSQC-TOCSY, HSQC total correlation spectroscopy; MALDI-TOF, matrix-assisted laser desorption ionization/time of flight; NMR, nuclear magnetic resonance; TLC, thin-layer chromatography kept at 4 C for 16 h. The resulting precipitant was collected by centrifugation (22;000 Â g, 30 min, 4 C), resolved in 100 mM sodium phosphate buffer (pH 7.0), and dialyzed against 20 mM sodium phosphate buffer (pH 7.0; buffer A). The sample was loaded onto a Q-Sepharose FastFlow column (3:0 Â 30 cm; GE Healthcare, Little Chalfont, UK) equilibrated with buffer A. After washing of the column with buffer A, the bound proteins were eluted by a linear gradient of 0-0.8 M sodium chloride in buffer A. The active fractions were collected, supplied with 10% (w/v) ammonium sulfate, and subjected to a TOYOPEARL Phenyl-650M column (2:0 Â 14 cm; Tosoh, Tokyo), and then a TOYOPEARL Butyl-650M column (2:0 Â 17 cm; Tosoh). Both columns were equilibrated with buffer A containing 10% (w/v) ammonium sulfate, and the proteins absorbed were eluted by a linear gradient of 10-0% (w/v) ammonium sulfate in buffer A. The active fractions were dialyzed against buffer A and loaded onto a QSepharose FastFlow column (1:5 Â 27 cm) equilibrated with buffer A. The bound proteins were eluted with a linear gradient of 0-0.8 M sodium chloride in buffer A. After the addition of 15% (w/v) ammonium sulfate to the active fractions, the protein solution was subjected to a TOYOPEARL Phenyl-650M column (1:5 Â 17 cm) equilibrated with buffer A containing 15% (w/v) ammonium sulfate. The column was washed with the same solution, and the bound proteins were eluted with a linear gradient of 15-0% ammonium sulfate in buffer A. The active fractions were dialyzed against buffer A, concentrated using Centriprep YM-50 (Millipore, Billerica, MA, USA), and subjected to a TOYOPEARL HW-50S column (1:5 Â 50 cm; Tosoh) equilibrated with buffer A. The active fractions were collected as purified DPE1. Purity was checked by SDS-PAGE 15) with CBB staining using Rapid CBB Kanto (Kanto Chemical, Tokyo). Mark12 unstained standard (Invitrogen, Carlsbad, CA, USA) was used as molecular mass marker.
Biochemical assays of DPE1. The activity of DPE1 was measured in a standard reaction mixture containing 20 mM G3, 66.7 mM sodium phosphate buffer (pH 7.0), 0.01% bovine serum albumin (BSA), and DPE1 at an appropriate concentration at 37 C. The reaction was started by the addition of DPE1, continued for 10 min, and stopped by treatment at 100 C for 5 min. The solution was diluted 3-fold with 2 M Tris-HCl (pH 7.0), and the concentration of glucose in the diluted solution was measured by a mutarotase-glucose oxidase method. 16) One unit was defined as the amount of DPE1 required to liberate 1 mmol of glucose per min under standard reaction conditions.
The protein concentration was estimated by amino acid analysis of protein hydrolysate (6 N HCl, 110 C, 24 h) using JLC-500/V (Jeol, Tokyo) equipped with a ninhydrin detection system.
The optimum pH of DPE1 activity was determined using sodium acetate buffer (pH 4.0-6.1), sodium phosphate buffer (pH 6.1-7.9), HEPES-NaOH buffer (pH 7.8-8.3), and glycine-NaOH buffer (pH 9.0-9.5) as reaction buffer instead of sodium phosphate buffer (pH 7.0) under standard reaction conditions.
To evaluate pH stability, DPE1 (227 mg/mL) was incubated at 4 C for 24 h in various buffers containing 0.01% BSA: 80 mM sodium acetate buffer (pH 4.0-6.1), 80 mM sodium phosphate buffer (pH 6.1-7.9), 100 mM HEPES-NaOH buffer (pH 7.8-8.3), or 100 mM glycineNaOH buffer (pH 9.0-11.7). Then the DPE1 were diluted 3-fold with 0.5 M sodium phosphate buffer (7.0), and residual activity was measured. To evaluate thermal stability, DPE1 (8.05 mg/mL) in 100 mM sodium phosphate buffer (pH 7.0) with 0.03% BSA was incubated at C for 30 min, and residual activity was measured. Ranges giving residual activity higher than 90% were defined as stable ranges.
Analysis of transglycosylation products. Various substrates (20 mM G2, G3, G4, and G5) were incubated with DPE1 in the standard reaction mixture for 15 min. Each reaction mixture (10 mL) was diluted with water (40 mL) and analyzed by high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex, Sunnyvale, CA, USA), carrying ICS-3000, ED40 ElectroChemical Detector, and a CarboPac PA1 column (4 Â 250 mm; Dionex). The mobile phase was 640 mM NaOH, and elution was performed at a flow rate 0.8 mL/min. The products were determined from each retention time as compared to that of G2-G7.
Peptide mass fingerprinting. DPE1 (3.5 mg) was subjected to SDS-PAGE to separate two polypeptides (60 kDa and 50 kDa). Each gel piece was excised and washed 3 times with 50 mM NH 4 HCO 3 containing 50% (v/v) acetonitrile. The gel pieces were dried, swollen with 25 mL of NH 4 HCO 3 containing 2.5 mg of trypsin (Sigma, Saint Louis, MO, USA), and kept at 37 C for 20 h. The tryptic peptides were extracted with 0.5% (v/v) trifluoroacetic acid containing 50% (v/v) acetonitrile, and cleaned with Zip-Tip C18 (Millipore). Peptide masses were measured by matrix-assisted laser desorption ionization/time of flight (MALDI-TOF) mass spectrometry operated with Voyager-DE STR TOF MS (Applied Biosystems, Carlsbad, CA, USA) in the positive-ion/reflector mode. The matrix was 10 mg/mL of -cyano-4-hydroxycinnamic acid dissolved in 0.1% (v/v) trifluoroacetic acid containing 50% (v/v) acetonitrile. Assignment of masses was done using the FindPept in ExPASy server.
17)
Cloning of cDNA encoding DPE1. The method of preparation of poly(A) þ RNA from adzuki cotyledons was reported previously.
18)
First-strand cDNAs were synthesized with SuperScript II reverse transcriptase (Invitrogen) using 3 0 AP (5 0 -GGCCACGCGTCGACTA-GTAC(T 17 )-3 0 ) as extension primer. In the first RT-PCR, a set of degenerate primers was designed from conserved amino-acid sequences of GH family 77, 5 0 -TGGCAGGTTCTTCCNCTTGTNCC-3 0 (sense) and 5 0 -TGNAGNACNGCCATTCCAGGNGC-3 0 (antisense), where N represents A, T, G, or C, and PrimeSTAR Max DNA polymerase (Takara Bio, Otsu, Japan) was used as thermostable DNA polymerase. Based on the sequence obtained, specific primers were designed. VaDPE1-s1 (5 0 -GAAACTGGTCAGCTATGGGGC-3 0 , sense) and VaDPE1-s2 (5 0 -GTTATCACTGAGGATGTAGTCC-3 0 , sense) were used for 3 0 RACE and semi-nested PCR respectively with Each PCR product was ligated into the EcoRV site of pBluescript II SK(þ) (Stratagene, La Jolla, CA, USA) using Ligation Kit Ver. 2 (Takara Bio), and the plasmid constructed was propagated in Escherichia coli strain DH5. The amplified DNA was sequenced using an automated DNA sequencer (Applied Biosystems 310 Genetic Analyzer and BigDye Terminator Ver. 3.1). The nucleotide sequence of the DPE1 cDNA was deposited in GenBank under accession no. AB743878. Enzymatic Synthesis of Acarviosyl-maltooligosaccharidesProduction of ACn. As a preliminary experiment, the DPE1 was incubated with 50 or 100 mM acarbose (Carbosynth, Compton, UK) with 1.9-7.5% maltooligosaccharides in 60 mM sodium phosphate buffer (pH 7.0). To produce ACn, a reaction mixture of 100 mM acarbose, 7.5% G4-rich syrup (Hayashibara, Okayama, Japan), and DPE1 (5 U/mL) in 60 mM sodium phosphate buffer (pH 7.0) was incubated at 37 C. The reaction was terminated by heating at 100 C for 3 min.
Chromatography of ACn. High-performance liquid chromatography (HPLC) was performed with a Jasco HPLC system (Jasco, Tokyo) equipped with a UV detector. Cosmosil Sugar-D columns (4:6 Â 250 mm and 10 Â 250 mm; Nacalai Tesque, Kyoto, Japan) were used for analytical HPLC and preparative HPLC respectively. The mobile phase was 70% (v/v) acetonitrile, and ACn was detected by the absorbance at 214 nm. In analytical HPLC, 10 mL of sample was injected, and the flow rate was 1 mL/min. In preparation, 150 mL of sample was injected, and the flow rate was 3 mL/min. The concentrations of AC5-AC10 were estimated based on analytical HPLC. The concentrations of acarbose and AC5-AC10 were determined from peak areas as calculated by BORWIN/HSS-2000 software (Jasco). Acarbose (4-20 mM) was used as standard.
Thin-layer chromatography (TLC) was done using a TLC Silica gel 60 glass plate (Millipore) and a developing system of nitromethane/1-propanol/H 2 O, 20/50/25 (v/v/v). The carbohydrates on the TLC plate were visualized with a reagent (0.03% w/v -naphthol and 5% v/v sulfuric acid in methanol), followed by heating.
Purification of AC5-AC10. A reaction mixture containing ACn and residual Gn was incubated with a commercially available baker's yeast and 25 U/mL of -amylase (Sigma) dissolved in 45 mM sodium acetate buffer (pH 5.0). After 6 d of the incubation at 30 C with shaking, yeast cells were removed by centrifugation (10;000 Â g, 4 C, 10 min), followed by filtration with a Minisart filter (pore size 0.2 mm; Sartorius Stedim Biotech, Goettingen, Germany). The supernatant was treated with DOWEX 1 Â 4 100-200 mesh resin (Wako Pure Chemical Industries, Osaka, Japan). The resulting solution was concentrated and subjected to preparative HPLC.
Instrumental analysis of AC5-AC10. The ESI-MS spectra of the purified AC5-AC10 were recorded using Exactive (Thermo Fisher Scientific; Waltham, MA, USA). Samples (20 mg/mL each) dissolved in water were analyzed in positive and negative modes.
The NMR spectra of acarbose and purified AC5-AC10 dissolved in D 2 O were recorded using Bruker AMX500 ( 1 H, 500 MHz; 13 C, 126 MHz) (Bruker, Billerica, MA, USA). Two-dimensional NMR spectra of heteronuclear single quantum coherence (HSQC), 19) HSQC total correlation spectroscopy (HSQC-TOCSY), 19) heteronuclear multiple bond correlation (HMBC), 20) and heteronuclear 2 bond correlation 21) were recorded in the cases of acarbose, AC5, and AC6. 1 H NMR spectra were recorded in the cases of AC7-AC10.
Results

Characterization of DPE1
The crude extract of adzuki cotyledons (700 g) contained 2,500 U of a disproportionating enzyme. Six-step column chromatography was done to purify the enzyme, and 433 U was recovered. The specific activity of the enzyme prepared by this purification procedure was 90.2 U/mg. SDS-PAGE analysis indicated that the enzyme preparation contained two polypeptides of 60 kDa and 50 kDa ( Fig. 2A) . To identify them, we obtained their tryptic peptide masses and compared them to the amino-acid sequence deduced from DPE1 cDNA, which was cloned from adzuki cotyledons. sequence contained five conserved regions in GH family 77 (Fig. 3) . 22) The tryptic peptides derived from the 60-kDa polypeptide were assigned to 47% of the deduced DPE1 sequence (Fig. 2B and C) , whereas no tryptic peptide derived from the 50-kDa polypeptide accorded with the sequence. This indicates that the 60-kDa polypeptide was DPE1 and the 50-kDa polypeptide was a contaminant. The partially purified DPE1 was used in the following study.
The effects of pH and temperature on DPE1 were examined. DPE1 showed the highest velocity at pH 6.1-7.1. The range of pH stability was pH 6.1 to 11.5 within 24 h of incubation at 4 C. The enzyme was stable at temperatures lower than 37 C for 30 min of heat treatment.
The reaction products of DPE1 with G2-G5 were analyzed by HPAEC-PAD (Fig. 4) . The enzyme produced (i) G5 and glucose from G3 (chromatograms 1 and 2), (ii) G7 and glucose from G4 (chromatograms 3 and 4), and (iii) G7 and G3 from G5 (chromatograms 5 and 6), but (iv) nothing from G2. These results confirm that DPE1 catalyzed G2-transfer from G3 and G5, and G3-transfer from G4.
Reaction of DPE1 with acarbose
The result of a preliminary experiment indicated that the DPE1 reaction at high concentrations of acarbose and maltooligosaccharides led to high productivity of ACn (data not shown). In view of this result, DPE1 was incubated with 100 mM acarbose with and without 7.5% G4-rich syrup. The reaction mixtures were analyzed by analytical HPLC (Fig. 5) . In the absence of G4-rich syrup, two small peaks with retention times of 17.3 min and 22.7 min appeared on the chromatogram at 336 h of incubation (chromatogram 2). On the other hand, in the presence of G4-rich syrup, six peaks (peak-A to peak-F) were generated at retention times of 12.5, 16.0, 20.1, 25.1, 31.4, and 39.9 min respectively at 4 h of incubation (chromatogram 3), and the amounts increased with reaction progress to 96 h (chromatogram 4).
The six compounds corresponding to the six peaks were purified and analyzed by ESI-MS. The m=z values of the detected molecular-related ions, ½M þ H þ , ½M þ Na þ , ½M À H À , and ½M þ Cl À , are summarized in Table 1 . These values indicate that the molecular weights of the six compounds for peak-A to peak-F were 807, 969, 1,131, 1,293, 1,455, and 1,617 respectively. These values accord with the molecular weights of AC5, AC6, AC7, AC8, AC9, and AC10. Thus the six compounds can be assumed to be AC5 to AC10 respectively.
The yields of production of AC5-AC10 were determined. The concentrations of acarbose and AC5-AC10 Sequences were aligned using ClustalW and the alignment was depicted by ESPript. 31) Abbreviations of sequence names with Uniprot accession numbers are as follows: VaDPE1, DPE1 cloned from adzuki cotyledons; StDPE1, Solanum tuberosum DPE1 (Q06801); AtDPE1, Arabidopsis thaliana DPE1 (Q9LV91); StDPE2, S. tuberosum DPE2 (Q6R608); AtDPE2, A. thaliana DPE2 (Q8RXD9); TtMALQ, Thermus thermophilus amylomaltase (Q5SIV3); TbMALQ, T. brockianus amylomaltase (Q2VJA0); AaMALQ, Aquifex aeolicus amylomaltase (O66937). were monitored by HPLC during 96 h of incubation (Fig. 6A) . At an early stage of the reaction (4 h), AC7 was the main product (5.7 mM). Further incubation increased the six products, AC5-AC10 in concert with decreases in acarbose, and the products reached a plateau within 96 h of incubation. The concentrations at 96 h were 41.7 mM (acarbose), 23.4 mM (AC5), 14.0 mM (AC6), 10.7 mM (AC7), 5.61 mM (AC8), 2.51 mM (AC9), and 1.46 mM (AC10). The disproportionation of G4 during the reaction was monitored by TLC (Fig. 6B) . The amount of G4 was decreased a level similar to the other products by the 4-h reaction. G4 was converted to ACn, glucose, and maltooligosaccharides with various DPs at 4 h, and the compositions of the products were similar until 96 h.
Structural analysis of AC5-AC10
Purified AC5 and AC6 were analyzed by NMR and carbon signals were assigned ( Table 2 ). The chemical shifts of 25 carbons of the acarviosyl unit (rings A and B) and the reducing glucose unit (ring F) with -andanomer configurations were almost of the same value among AC5 and AC6 and acarbose. The 13 C NMR spectra of AC5 and AC6 displayed 6 and 12 additional peaks respectively as compared to acarbose. These carbons belong to ring D of AC5 and rings D and E of AC6. Figure 7 shows parts of the HSQC, HSQC-TOCSY, and HMBC spectra of AC5 and AC6. The HSQC and HSQC-TOCSY spectra showed correlations between H1 and the carbon that belong to the same ring (Fig. 7A-D, upper spectra) . The HMBC spectrum of AC5 (Fig. 7A and B, lower spectra) showed four correlations, between (i) the proton at C1 of ring A ( (Fig. 7C and D, lower spectra) . These spectra indicate that AC5 and AC6 were -acarviosyl-(1!4)-maltotriose and -acarviosyl-(1!4)-maltotetraose respectively.
Purified AC7-AC10 were analyzed by 1 H NMR. All the spectra showed the same chemical shifts of the proton at C6 of ring A and the anomeric protons of ring B and ring F with the -configuration and theconfiguration respectively (Fig. 8) . According to the spectra of acarbose-AC6, a multiplet at 5.42-5.31 ppm was derived from the anomeric protons of the -(1!4)-linked glucose rings. The relative integral values of the multiplet (5.42-5.31 ppm) to H6 of ring A (5.97-5.78 ppm) were 1.0 (acarbose), 2.1 (AC5), 3.0 (AC6), 4.0 (AC7), 5.0 (AC8), 6.2 (AC9), and 7.0 (AC10). These results indicate that the numbers of the -(1!4)-glucosidic linkage in AC7-AC10 were 4-7 respectively. All the results for NMR and ESI-MS indicate that the structures of AC7 to AC10 were -acarviosyl-(1!4)-maltooligosaccharide with maltopentaose to maltooctaose respectively in the maltooligosaccharide part.
Discussion
Acarbose derivatives containing the acarviosyl unit are useful tools as inhibitors and substrate analogs. We succeeded in producing AC5-AC10 using a disproportionating enzyme purified from adzuki cotyledons. The results of the peptide mass fingerprinting (Fig. 2) and the transglycosylation pattern (Fig. 4) confirmed that the purified disproportionating enzyme was a typical DPE1. [12] [13] [14] Our results indicate that DPE1 is not significantly inhibited by acarbose, but can use it as donor substrate. This is the first example of an acarbosemodifying enzyme in GH family 77. Other GH family 77 enzymes, Thermus aquaticus amylomaltase 23) and Thermus thermophilus amylomaltase, 24) may possess such a property to modify acarbose. Their crystal structures, of complex form bound with acarbose, indicate that the acarviosyl unit of acarbose occupies not the active site, but subsites À3 and À2. Subsite À1 held a glucose moiety of the maltose unit of acarbose. These structural facts suggest that the active sites of GH family 77 enzymes are different from those of typical -glucoside-active enzymes, which are inhibited effectively by acarbose.
1) DPE1 should have active-site structures with resistance to acarbose as well as the other GH family 77 enzymes, and therefor can be used to modify acarbose.
DPE1 catalyzed the transfer of pseudotrisaccharide (the acarviosyl-glucose unit) from pseudotetrasaccharide (acarbose) as the enzyme transfers G3 from G4. At the early stage of the reaction, DPE1 produced predominantly AC7 from acarbose and G4-rich syrup (Fig. 6A) . AC7 was probably generated by the transfer reaction of the acarviosyl-glucose unit from acarbose to the most abundant acceptor, G4, but the chain-length distribution of acceptor substrates was altered by the disproportionating activity of DPE1 at the relatively early stage while acarbose remained, resulting in maltooligosaccharides of various lengths supplied to the acceptor (Fig. 6B) . The acarviosyl-glucose unit was transferred to those various maltooligosaccharides to produce the various-length acarviosyl-maltooligosaccharides. Thus G4-rich syrup proved a good substrate to produce ACn. DPE1 also used acarbose as acceptor molecule, but the specificity was significantly low. In the presence of maltooligosaccharides, the enzyme produced only ACn, that is, maltooligosaccharides were used selectively as acceptor substrates (Fig. 5) . The acceptor specificity of DPE1 for maltooligosaccharides was higher than that for acarbose.
In this study, DPE1 converted 58.7% of acarbose into AC5-AC10 at 96 h of incubation (Fig. 6A ). Hemker and co-workers have reported the synthesis of acarviosylcontaining compounds using acarviosyl transferase, and their yields were 28% or lower.
6) The synthesis of ACn using DPE1 showed better productivity than using the acarviosyl transferase, even though the regulation of DP of products was difficult for DPE1, which also gives disproportionated acceptors as explained above. High productivity and accumulation of products was achieved by high transglycosylation and extremely low or no hydrolytic activity of DPE1. Tantanarat and co-workers used GH family 77 enzymes, including DPE1, to synthesize several fluoro sugars, which are tracers used in fluorine NMR and should contribute to research on glycoside hydrolases. 25) Hence, disproportionating enzymes can be useful to synthesize valuable carbohydrates with high productivity. Synthesized ACn might function as an effective inhibitor of exo-type -glucoside-active enzymes. Uncleavable ACn can be a useful tool for investigating the substrate-binding mechanisms of such enzymes with a preference for long-chain substrates. For example, -glucosidases from sugar beet 26) and buckwheat 27) display the high substrate specificity for G7 and soluble starch. The molecular mechanisms of their high specificities for long-chain substrates are not understood completely.
28) The long maltooligosaccharide part of ACn can help to gain insight into their recognition of long-chain substrates at subsites farther from the active site. Another example is the C-terminal subunit of human intestinal maltase-glucoamylase, which displays lower K m values for G3-G7 than for G2.
29) The enzyme activity is probably inhibited by ACn more effectively than acarbose, which could be useful to repress the increase in blood-glucose level. Furthermore, ACn can be used as substrate for probing the action patterns of endo-type -glucoside-active enzymes like -amylase, as well as p-nitrophenyl maltooligosaccharides. 30) Such enzymes may cleave the long maltooligosaccharide parts of ACn. Products containing the acarviosyl unit (glycons) can be detected separately from maltooligosaccharides (aglycons) by the absorbance at 214 nm, and the DPs of the visible glycons are also determinable based on retention time in HPLC.
In conclusion, the present study indicates that DPE1 can transfer the acarviosyl-glucose unit from acarbose to suitable acceptors and effectively produce ACn, which have different glucose-unit numbers. It is expected that ACn will be exploited as effective inhibitors and convenient substrates for a variety of -glucoside-active enzymes. The numberings of the rings and the carbons are as in Fig. 1 . Fig. 1, and H6 and H1 indicate the proton at C6 and the anomeric proton respectively.
